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ABSTRACT 

Aims. To study the interaction between young AGN and their host galaxies based on their ionized gas and radio emission, and to 

analyze possible implications for the radio galaxy evolution. 

Methods. The [O ni] A 5007 A line and 5-GHz radio properties are compared and studied on a large, representative sample of GPS 

and CSS (i.e., young) quasars and radio galaxies as well as large-scale sources using [Om] A 5007 A line and 5-GHz radio data from 

literature and our observations. 

Results. Several correlations between the [O ni] A 5007 A line and 5-GHz radio emission have been found. The main result is that 

the [Om] A 5007 A emission is strongly related to the GPS/CSS source size indicating that the [Oni] A 5007 A emission is clearly 

enhanced by the jet expansion through the host galaxy ISM. Shocks are the most likely enhancing mechanism, although jet-induced 

star formation could also be, partly, responsible for the [O ni] A 5007 A emission. The data also suggests a possible deceleration of 

the jet as it grows. In this case, however, the correlation is weak. 

Key words, galaxies: active, galaxies: jets, galaxies: interactions, ISM: jets and outflows. 



1. Introduction 

We still know little about how radio galaxies are born and how 
they subsequently evolve but it is generally accepted that the 
GHz Peaked Spectrum (GPS) and Compact Steep Spectrum 
(CSS) radio sources are young, smaller versions of the large- 
scale powerful radio sources (with a few exceptions, see e.g., 
[Stanghellini et alJl2005l:lMarecki et al.ll2006l) . 

The GPS and CSS sources are powerful but compact radio 
sources whose spectra are generally simple and convex with 
peaks near 1 GHz and 100 MHz respectively. The GPS sources 
are contained within the extent of the optical naiTow emission 
line region (< 1 kpc) while the CSS sources are contained within 
the host galaxy (< 15 kpc, see ' 0'Deal[l998 l for a review). 

Current models of the evolution of powerful radio galaxies 
suggest that these sources propagate from the ~ 10 pc to Mpc 
scales at roughly constant velocity through an ambient medium 
whose density declines as p(R) oc R^^ while the sources de- 
cline in radio luminosity as L,-ad <^ 7? "^ (e.g., lO'Dea et alj 
I2OO2I and references therein). In this scenario, GPS sources 
would evolve into CSS sources and these into supergalactic- 
size sourceo Such a scenario is consistent with the observed 
number dens ities of powerful radio sources as a func tion of lin- 
ear size (e.g. lO'Dea & Baumlll997HFanti et alll2001i) . However, 
to match observations, the radio jets of the young sources must 
slow down as they cross the host galaxy ISM and dim faster than 
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' Recently, the High Frequency Peakers have been ad ded to the se- 
quenc e, as possible progenitors of GPS sources (e.g., lOrienti et alj 
I2OO7L and references therein). 



predicted. The most likely mechanism to produce these effects 
is in teraction of the radio source with the h ost environment (see 
e.g. JPe Younglll993HCarvamolll994lT998h . 

The characteristics (size, radio power and young age) of 
GPS and CSS sources make them excellent probes of interac- 
tion (and evolution). Furthermore, they have not completely bro- 
ken through the ISM, so these interactions are expected to be 
more important than in the larger sources. Observations of UV, 
H I and, especially, of the ionized gas in GPS an d CSS sources 
suggest the presence of such interactions (e.g., Labiano et al.l 
"2008^, 'Holt et al.' '2006^, j Labiano etal] I200I lAxon et all 120001 
de Vries et al. 1999, 199^^ 

Although evidence of interactions was found, previous inves- 
tigations dealt with small samples or even just a few sources and, 
until now, there was no study of interaction of a large representa- 
tive sample of GPS and CSS sources. Moreover, the sparseness 
of samples used did not allow for a general study of the conse- 
quences such interactions. 

In order to examine the interaction between gas clouds and 
the radio source in a statistically significant manner, I collected a 
sample of almost one hundred sources, including GPS and CSS 
galaxies and quasars, as well as large-scale sources. I studied the 
properties of the [Om] A 5007 A line and 5-GHz radio emis- 
sion aiming to finding traces of interaction and the mechanisms 
responsible for it. 

A ll calculations were made with Ho=71, Qm = 0.27, Qa = 
0.73, (ISpergel et al.ll2003h 
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Table 1. [Om] A 5007 A measurements from Kitt Peak obser- 
vations. 



OIII FWHM vs. Linear Size 



Source 



Center 

A 



10'- 



r[0iiij 

erg s^'cm" 



FWHM 

km s"' 



0554-026 6056.7 ±0.7 1.49±0.13 592 ± 66 

0941-080 6021.9 ±0.5 1.09 ±0.11 370 ± 33 

1345+125 5484.4 ±0.6 4.51 ±0.52 1187 ±73 



2. The sample 

I have compiled a representative sample of GPS and 
CSS as well as supergalactic-sized sources for which 
[Om] A 5007 A line and 5-GHz observation s were avail- 
able. The sample consists of literature data ( O'Deal Il998t 
iGelderman & Whittle! [19941 Ide Vries et al.1 l2000l), the 2-Jy 
radio sources (Morganti et al. 1997; di Serego-Al ighieri et al.l 
119941: iMorga ntietal. 1993; Tadhunter et al. 1993), STIS data 
dO'Dea et aLi l2002; Labiano et al. 2005) and new Kitt Peak ob- 
servations of three GPS radio galaxies: 0554-026, 0941-080, 
1345+125 (Table[T]l. 

The Kitt Peak data consists of moderate dispersion (~ 200 



km s" ) spectroscopy of the [Om] A 5007 A line obtained 
with the GoldCam CCD spectrograph at the Kitt Peak National 
Observatory 2.1-m telescope. I used a 600 line/mm grating with 
a 1.5" slit, covering the range between 5100 and 8100 A. The 
spectra were extracted and calibrated using standard IRAF pro- 
cedures. After dark, bias, and flat-field correction, the images 
were background-subtracted to remove sky lines. Wavelength 
calibration was done using HeNeAr arcs taken after each ex- 
posure. The flux calibration and removal of atmospheric fea- 
tures were carried o ut using spectrophotometric standards from 
lMassevetai] ( ll988 ^ 

The total number of sources included in the sample is 95 (2 1 
GPS including our new observations, 22 CSS, and 52 large-scale 
sources). 
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Fig.l. Plot of the [Om] i 5007 A FW HM of the soti r ces in 
IGelderman & Whittle! ( ! 19941) (diamonds), [de Vries et al] (!2000l) 
(triangles) our Kitt Peak (circles) and STIS (shaded diamonds) 
observations, and a linear fit to the data. The ionization and 
kinematics of 3C 67 , 3C 277.1, and 3C 303 .1 were studied by 
iLabiano et al] (!2005!) and !0'Dea etaP (!2002!) . 
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Fig.l. Radio power at 5 GHz vs. linear size for GPS, CSS and 
large-scale radio sources. 



3. Results and discussion 

For the objects in the sample, the following properties of the 
[O III] A 5007 A line and 5-GHz radio emission were compared: 
FWHM, luminosity, asymmetry, kurtosis ([Om] A 5007 A line), 
as well as power, size and turnover frequency (radio emission). 
The [Om] A 5007 A FWHM shows no coiTelation with ra- 
dio power, turnover frequency, and [O m] A 5007 A luminosity. 
Therefo re, the shock veloc ity (closely related to the FWHM, 
see e.g.. lBicknellet al] |l997) is independent of the radio source 
strength, and does not affect the luminosity of the ionized gas or 
the radio spectral properties of the source. However, a correla- 
tion between [O iii] A 5007 A FWHM and radio source size (Fig. 
[T]i could be present, suggesting a possible deceleration of the jet 
as it crosses the host galaxy: 

log FWHM ^ 2.89(+0.04) - 0.08(+0.05)x log LS 

This correlation is not very strong but could be real given 
that the de celeration of the jet is required to explain observa- 
tions (e.g.. ' 0'Dea!!l998h and the latest models predict decel- 
eration in the jet (see e.g., Kawakatu & Kuno 2008 in prep.). 
Unfortunately, there is not much data available on [O iii] A 5007 
A FWHM to confirm any of such models. 



As expected (see e.g. !0'Dea & Baumll997l Fig.|2]), the sam- 
ple also shows no correlation between radio power and radio 
size, showing that GPS, CSS and FR43 sources are equally pow- 
erful (log PsGHz ~ 1026-27 W/Hz) wh i le FRl sources tend t o 
be fainter (see e.g., !Baum et alj ! 19951: !Zirbel & Bauiiil !l995h . 
However, for giant sourc es (> IMpc), the radio power se ems 
to decrease with size (e.g.. !lshwara-Chandra & Saikial!l999!) . 

It is also clear that quasars tend to be brighter in [O m] A 5007 
A than radio galaxies, consistent with the unification scenario: 
some of the [ O iii] A 5007 A m ay be hidden by the torus in radio 
galaxies (e.g.. !Hes et alj[l99 ?). Also, the difli'erence in [Om] A 
5007 A emission could be due to selection effects: quasars are 
usually found at higher redshifts. On the other hand, the sam- 
ple could be missing fainter quasars with luminosities similar to 
radio galaxies. 

The sample shows the known rela t ion (e.g., 
!Baum & Heckman! !l989l: !Rawlings & Saunders! |l99lb be- 
tween [Om] A 5007 A luminosity and radio power (Figs. [3] and 
lU for powerful (log Psghz S 10^^ W/Hz) radio sources. This 
relation is usually explained as the AGN powering both the 
ionized gas and radio emission. The correlations for different 
groups of object in our sample are: 



^ FRx stands for Fanaroff-Riley class x, JFanaroff & Rilevlll974^ . 
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OIII Luminosity vs. 5 GHz Radio power 
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Fig. 3. Plot of the [Oiii] A 5007 A luminosity vs. radio 
power at 5 GHz. Da t a for th e CSS a nd GP S sources from 
iGelderm an & Whittle! (11994 : iQDeal (Il998h : Ide Vries et al.) 
(.2000.) , the 2-Jy sample and our Kitt Peak observations. Data 
for the large-scale radio sources from t he 2-Jy sample. The ID s 
of the sources have been updated with IZirbel & BaumI (Il995b . 
I use "C/G" to name those sources with no clear ID as CSS or 
GPS. 
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Fig. 4. As Fig. [3] showing only the GPS and CSS sources. 



GPS: 



CSS: 



log L[Oni] = 32(+4) + 0.4(+0.1) x log Psghz 



log L[Oni] = 22(+4) + 0.8(+0.2) x log Psghz 
GPS + CSS: 

log L[Oiii] = 25(+3) + 0.7(+0.1) x log Pjghz 
GPS + CSS + FR: 

log L[0:n] = 12(±2) + 1.13(+0.07) X log PsGHz 

It should be noted that when combining NVSS and SDSS 
data (Best 2009, in preparation), this correlation is not present 
for fainter (log Pi.4ghz ^ 24.5 W/Hz) radio sources, suggesting 
that a different mechanism may be producing the radio and [O iii] 
A 5007 A emission in these sources. 

There is no evident relation between kurtosis or asymme- 
try of the [O111I A 5 007 A Hne (as defined by Whittle 1985; 
iHeckman et al.|[l98ll) with other properties of the line. Most of 
the sources have kurtosis lower than 1, suggesting the presence 



of broad wings in the gas. lWhittlg ( Il985h also finds the same for 
his sample of Seyfert galaxies. Most sources show asymmetry 
values close to zero in their [O iii] A 5007 A profile, suggesting 
the cocoon widens or narrows in a symmetric way or there are 
no major variations between both sides. However, the ground 
spectra may lack sufficient resolution to discern more complex 

str uctures t hat could change the profile of the line; 

lO'Deal (IT998) discovered that in the Gelderman & Whittle! 
(1 19941) sample. GPS galaxies tend to have lower [O in] A 5007 
A luminosity than CSS galaxies but it was not clear if the trend 
would be followed by a larger sample with different selection 
criteria, which was the case of quasars and large FR sources. 
Also, the implications of the existence of that trend on the ra- 
dio source (and host galaxy) evolution are not cleao To asses 
these issues, I looked for this trend in the sample presented here, 
which included not only GPS and CSS radio galaxies but also 
quasars and large-scale sources. I found that the GPS and CSS 
sources (galaxies and quasars) showed a strong correlation be- 
tween [O III] A 5007 A luminosity and size of the radio sourcqj 

GPS + CSS: 

log L[o„i] = 42.43(+0.09) + 0.46(+0.09) x log LSsghz 
GPS* + CSS: 

log L[Oi„] = 42.44(±0.08) + 0.4(+0.1) x log LSsghz 

GPS* means the complete sample of GPS without the small- 
est source (1718-649), to test if it is dominating the correlation. 

In principle, this correlation could be due to the AGN en- 
hancing both the radio and emission gas luminosities through 
photons. However, for the same radio power, small sources 
(GPS) are systematically fainter in [O iii] A 5007 A than larger 
(CSS) sources. 

I propose a scenario where the expansion of the radio source 
through the host ISM is triggering and/or enhancing the [O iii] A 
5007 A emission through direct interaction. Some contribution 
from the AGN light must be present but AGN light alone would 
not produce a correlation with size. Furthermore, the fact that the 
correlation disappears for larger radio sources (> 15-20 kpc) 
supports this model: once the radio lobes leave the host galaxy, 
the [Oiii] A 5007 A luminosity drops (Fig.|5]l. 

This scenario is also supported by previous observations 
providing evidence of strong interaction between the jet and 
surrounding ISM, as well as proof of shock-ionized [Oni] A 
5007 A emission (e.g.. iLabiano et al.li2005: O'Dea et alj|2003h . 
Jet-ISM interactions are also found through Hi studies (e.g., 
iLabiano et al.l 120061: iHolt et all l2006l and re ferences therein) 
and predicted by jet exp ansion models (e.g., iJevakumar et al.l 
l200l[Saxtoiretanl2005l) . 



Another interesting enhancing mechanism to consider is that 
the jet could, at least partly, boost [Oiii] A 5007 A emission 
through indirect mechanisms such as jet-induced star formation 
(Labiano et al. 2008, in prep.) but new data are needed to study 
the possible contribution of recently formed stars. The hosts 
of GPS and CSS sources are usually elliptical galaxies so it is 
unlikely that the average/normal stellar population of the host 



^ A direct consequence is that it is more difficult to find optical coun- 
terparts of GPS sources than CSS sources. 

* Note that the trend is also suggested by Fig. |4] and the different 
correlations between radio power and [Oiii] A 5007 A luminosity for 
GPS and CSS sources. 
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OIII Luminosity vs. Linear size 
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Fig. 5. Plot of the [Om] luminosity vs. linear size of the radio 
source, showing the correlation for GPS and CSS sources. Data 
from the same references as Fig. [3] 

galaxy has a strong contribution to the [O m] X 5007 A emission. 
These "normal" stars would, however, not create a correlation 
with radio jet size (and jet-induced stars would). 
The correlations are as follows: 

GPS: 

log L[o„i] = 42.8(±0.2) + 0.8(+0.2) x log LSjghz 
GPS*: 

log L[0:n] = 42.5(±0.4) + 0.5(±0.4) x log LSjghz 
CSS: 

log L[o„i] = 42.6(+0.2) + 0.2(±0.3) x log LSsghz 

The correlation tends to disappear when the sample is di- 
vided into different types of sources. This could be due to low 
statistics or to the smaller range of sizes covered by each type. 
GPS could show lower [O iii] A 5007 A emission due to high ob- 
scuration. However, it is more likely that young compact sources 
are too small to strongly affect their environment. This effect 
has also been observ ed in star formation histories of GPS hosts 
dLabiano et al.l2008h . The UV luminosities of GPS sources seem 
to be as high as those of CSS sources. Furthermore, the UV lumi- 
nosity of GPS sources could be correlated with their radio power 
(Labiano et al. 2008). These two effects suggest that obscuration 
is not too strong in GPS sources or, at least, similar to that in 
CSS. 

Concerning the overall scenario of radio source evolution, 
where GPS and CSS sources evolve into the larger FR sources, 
the visual inspection of Fig. |5] suggests that CSS sources would 
evolve into FR2. Some authors also found a possible decreas- 
ing trend linking FR2 to FRl (Best 2008, private communi- 
cation) with increasing size. However, our sample may lack 
enough supergalactic-sized sources to thoroughly address evo- 
lution beyond ~ 15-20 kpc and the FR2 - FRl connec- 
tion is beyond the scope of this letter Extensive discussions on 
the FR2 - FRl con n ection can be fou n d in the lite r ature: e.g., 
iMtilleretaLl (l2004h : lBestetal.1 Jlool : IWold et al.l (l2007h an d 
references there i n or c lassical papers such as lBaum et al.l(ll995h : 
IZirbel&BaumI (119951) . 



4. Summary of main results and future work 

The aim of this project was to improve our understanding of 
radio jet-host interaction in young AGN through studying the 



[Om] X 5007 A line and 5-GHz radio emission properties of 
GPS and CSS sources. I compiled a large, representative sample 
of GPS and CSS quasars, combined with FR 1 and FR 2 sources 
(to help establish a evolution timeline) from published data, as 
well as our observations. 

The main result of the study is that the [Om] X 5007 
A emission is clearly enhanced by the jet expansion through the 
host galaxy ISM. This is consistent with previous observations 
as well as numerical models of jet expansion. However, further 
work is required (Labiano et al. 2008, in prep.): 

- the supergalactic-size sample needs to be widen, to establish 
evolution when the radio lobes leave the host galaxy; 

- evaluate the strength of the jet shocks and study their capa- 
bility to form stars (which could enhance the [O m] X 5007 
A ) as well as the shocks direct contribution to the [O m] X 
5007 A emission; 

- study of star formation and AGN tracers (such as X-rays, 
24 and 70 pcca. dust, line ratios, PAH, etc.) to identify and 
evaluate different mechanisms and contributions to the [O m] 
X 5007 A emission; 

- apply and improve jet expansion models to reproduce the 
results. 

A parallel result to the [Om] X 5007 A emission - radio 
source size correlation is that it will be more difficult to find 
optical counterparts of GPS than CSS sources. 

The data suggests a possible deceleration in the jet as it 
crosses the host galaxy ISM, which is required by most radio 
source evolution models. However, the correlation is too weak 
and a much larger sample, with higher resolution spectra, is 
needed. 

The sample also reflects some already known results such 
as quasars showing lower [O m] X 5007 A luminosity than ra- 
dio galaxies, radio power being correlated with [O m] X 5007 
A luminosity, and radio power being independent of the size of 
the radio source. 
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